ABSTRACT
INTRODUCTION
Today, personal computing is shifting from traditional desktop computers to mobile devices, such as MP3 players, PDAs and cellular phones. Companies like Nokia, Samsung, Google and Apple have spurred innovation such that today, smartphones come standard with touch screens, GPS, cameras, as well as a whole suite of connectivity options. Moreover, mobile devices will continue to advance in the coming years. The capabilities that seem high-end today will be standard fare in the next generation of devices and basic requirements in even later devices.
However, the dark side of Moore's Law is the waste caused by our society's insatiable desire to frequently upgrade our mobile devices. The typical cellular handset is discarded after only 18 months, and Nokia alone sells over 1 million handsets a day. Over 120,000 pre-orders were made in the first day that Apple's iPad was announced, and over 300,000 iPads were sold in the first day that they were sold in stores. The environmental impact of this stream of handsets in terms of manufacturing energy, materials and disposal costs is alarming.
Traditional approaches of recycling phones simply extract materials or components from used phones to build other devices. However, used smartphones are usually functional and powerful enough to continue work for a long time. It would be a waste to recycle smartphones after they are discarded. On the other hand reusing tries to use the same device as a complete functional unit for the same or different purposes. For example, lots of used smartphones are refurbished and sold again. Geyey, Oliver, Amirtarajah, Akella, and Chong (2007) investigates reusing embedded microprocessors, showing that the energy required to manufacture a processor far out-strips the energy consumed during the processor's lifetime for most low-power embedded processors. Hence repurposing retired mobile devices can significantly amortize production energy of these devices and reduce their environmental impact.
Even if we believe that it is more environmentally friendly and feasible to reuse mobile phones, we need to find a market for these mobile phones. We argue that use in educational classrooms is a promising candidate for reused smartphones, given the potential benefits to elementary school students who may not commonly own cellular phones (or are forbidden from having them in school). Note that we focus on repurposing smartphones in non-phone applications and expect cellular calling capabilities to be disabled. Phone manufacturers prefer this model, as it avoids competition with new product lines and avoids the political pitfalls of "dumping" old technologies into "secondclass" markets.
Compared with conventional ways of teaching in which students often learn in a passive manner, education using mobile phones enables more active models of learning. For example, participatory sensing (Burke et al., 2006) uses mobile devices to form interactive, participatory sensor networks that enable every user to gather, analyze and share local knowledge.
Unfortunately, we are still far away from reusing smart devices for education purpose due to several problems. First, the power consumption and resource usage of educational applications on mobile platforms has not been explored, so there are no observations indicating that the resource requirement of educational applications can be satisfied by recycled cellular phones. Second, the smart device market is so large that a plethora of different models of cellular phones exist. Handsets could be running diverse operating systems and possess different hardware capabilities. Worse yet, reused handsets may have worn out peripherals or be deployed with intermittent power sources and connectivity. Such extreme heterogeneity is the major challenge of adapting software to different models of devices.
As a pioneering work for designing lifecycle aware mobile devices, we aim at solving the above problems by making connections between the resource provided by mobile devices and demanded by educational applications, and looking into smartphones heterogeneities to propose potential solutions for existing challenges. Specifically, we make the following contributions in this paper:
• We study all different types of resource requirements of several popular educational applications for mobile devices, including functional, storage, memory, power consumption and network bandwidth requirement, showing that education is a good fit for smartphone reuse.
• We analyze the lifetime of different components in mobile devices, determining that it is feasible for smartphones to physically last long enough to be useful in a second setting.
• We model how the device features and operating systems from different brands and generations of smartphones evolve, and propose insights on how to help design mobile applications compatible with all types of devices by utilizing the knowledge of smartphone evolution.
• We discuss the challenges and potential solutions of designing life-cycle aware cellular phones for educational applications, raising the technical problems to be solved in order to maximize the benefit of a second smartphone use.
We begin with a detailed background about the smartphone market and motivate mobile device reuse. Related work is then presented. Our experiments of studying educational applications on mobile devices are discussed. The next section presents how we could utilize the knowledge of smartphone evolution to help design mobile applications. The final section concludes and discusses the challenges of lifecycle-aware design of mobile devices.
MOTIVATION

Smartphones
In recent years, smartphones have been one of the few growing markets in the electronics industry, even in today's recessionary economy. According to IDC's Worldwide Quarterly Mobile Phone Tracker, vendors shipped a total of 54.5 million units in the fourth quarter of 2009, up 39.0% from the same quarter a year before. Figure 1 shows the recent and predicted smartphone market growth from 2008 through 2013 (Forward Concepts, 2008 . The figure shows that, over the next three years, it is estimated that the segment will see an overall 21.7 percent growth rate, to 387 million units in 2013. It is also estimated that almost all handsets sold will be smart by the year of 2015 ("Cleverly simple," 2009). This data shows that smartphones are now, and will be even more in the future, a huge market, and thus a good target for cell phone reuse.
However, the environmental impact of the increasing number of mobile devices is a pressing problem. Focusing on the semiconductors in the devices alone, the amount of toxic chemicals required to manufacture a semiconductor is staggering (Kuehr & Williams, 2004) . For a single DRAM die of 1.2cm2, 72 grams of chemicals are required. In the year 2000, the semiconductor industry manufactured a total of 28.4 × 106 cm2 of dies, requiring 1.7 million kilograms of toxic chemicals. Also, due to the increasing number of semiconductor devices that are manufactured each year, the disposal cost of these semiconductors is likewise increasing. Additionally, because the manufacturing process for semiconductors requires highly purified silicon, the energy required to manufacture semiconductors is very high. About 41 MJ of energy is required to manufacture a DRAM with a 1.2cm2 die (Williams, Ayres, & Heller, 2002) . The amount of energy required to manufacture semiconductors is such that by 2015, 1.7% of Japan's national electricity budget is expected to be consumed by the semiconductor manufacturing industry (Kuehr & Williams, 2004) . Approximately 600 kilograms of fossil fuels are required to generate the energy needed to manufacture a single kilogram of semiconductor (Williams, 2004) . Furthermore, according to Sematech, foundry energy consumption is still increasing (McGill, 2002) .
Mobile Devices in Education
Reusing smartphones for educational purpose has been an emerging research and shown to be more efficient than conventional education. With a cellular phone in each child's hands, the problem sets being taught can also be personalized to each student. One advantage this offers is that short math problems can be tweaked so that the collaboration between two students with slightly different problems becomes more an interaction of, "How did you get your answer?" rather than, "What answer did you get?" Another advantage personalization offers is the ability to match problem difficulty more closely to a student's abilities, making the learning process less daunting (or less trivial) for individual students. Participatory interaction is encouraged by working through distributed devices, since students who are shy in a traditional setting are more inclined to collaborate via text or graphical annotations. Also, due to the nature of online interaction, every student's input is weighed equally since no single comment will interrupt or "talk over" another comment.
Smartphones also offer an availability of resources that has been traditionally infeasible. If enabled with WiFi access points, the phones have a constant connection to the web for reference materials. For some students, the phone may even be their only access to the Internet, especially if the school serves a disadvantaged community. Even without constant connectivity, the mobile devices have advantages in terms of their compact form factor. Students can do their homework assignments practically anywhere, while pen-and-paper methods require an amount of preparation and commitment beforehand. Lastly, smartphones equipped with sensors such as cameras and GPS allow students to create their own learning experiences through constructive activities. Students can collect data and present on open-ended social studies or science questions, or express themselves creatively through videos and photos. In this sense, the devices open up new ways of learning previously unavailable.
RELATED WORK
Sustainable Mobile Device Design
The current smartphones develop so quickly that most mobile devices are discarded every 18 months on average despite the high costs associated with manufacturing these devices. Earlier work (Geyey, Oliver, Amirtarajah, Akella, & Chong, 2007) proposes the notion of life cycle aware computing and provides a framework for designing embedded microprocessors for reuse. Zadok and Puustinen (2010) also points out the fact that the growing trends of the smartphone market make sustainability in mobile computing an urgent problem to address, and they propose the Green Switch as a new product and service design methodology to assess environmental impact of mobile products. All above work has opened a new direction on mobile device designing, while none of them has provided formal analysis on the energy of mobile devices manufacturing and usage.
Scholbrock, and Memik (2009) develop a software implemented, system-level power model to estimate power consumption of the Google Android G1 by observing the behavior of real users. They propose optimization strategies to reduce power consumptions of mobile devices. Variations and errors can be introduced from the inaccuracy of the power model, so estimation through power models can not precisely give the power consumption for all categories of applications. In (Cignetti, Komarov, & Ellis, 2000) the authors measure power consumptions for Palm devices and derive their power breakdowns. Power simulators are developed to estimate power consumptions of microprocessors (Brooks, Tiwari, & Martonosi, 2000) .
FEASIBILITY ANALYSIS
In order to establish a model of reusing smartphones for education purpose, the very first step is to understand whether the power consumption and resource usage of educational applications can be satisfied by reused smartphones.
Experimental Setup
To model applications running on smartphones built using the most up-to-date technologies, we chose the newest release of smartphones from Google as our target mobile architecture in this paper -The HTC Nexus One. Though we use the Nexus One as our unique experimental target, our contributions and observations could be easily extended to other mobile architectures.
The Nexus One runs Google's Android 2.1 platform, which is an open source operating system modified from 2.6.29 Linux Kernel. A variant of the Java Virtual Machine (The Dalvik Java Virtual Machine) is provided by the OS for running user-space applications. The device contains popular functional components including video/still cameras, touch-screens with Multi-touch, GPS, accelerometers, magnetometers, accelerated 2D bit blits (with hardware orientation, scaling, pixel format conversion) and accelerated 3D graphics. Detailed configurations of the device are shown in Table 1 .
Since in an educational reuse setting it will be impractical to enable phone services for every reused phone, we use Wi-Fi for internet access.
In order to evaluate the feasibility of reusing smartphones for education uses, we profile several educational applications for their functional requirements and energy consumption. Specifically, we evaluate the free applications related to elementary school education from the Educational Category of Google ADC Top 200 applications (Google Inc, 2010) as the most popular educational applications used on Google Android platform. Although not all of the applications are specifically designed for the elementary school environment, we believe that they are indicative of functionality that will be useful at that level. The applications and their descriptions are listed in Table 2 .
To measure the power consumptions of these applications, we connected a Tahmazo DC Watts Meter between the phone and the battery for measuring the current in terms of mAH, which represents the accumulation of the current flowing through the phone. We used the OS reported battery voltage as the operating battery voltage. We also developed a logger application that logs application memory usage periodically. Through the interface of procrank command provided by the Android system, our logger application is able to obtain the Uss value of memory usage for each application, which represents the amount of memory associated with an application that is not associated with anything else. Similarly, we measure the network communications by monitoring the system file /proc/net/dev and sample the transmission speed every second. The phone was distributed to an undergraduate student, and each application was used for 10 minutes. All features provided by each application were explored, and the applications were used in a manner that best matches the normal learning process. Different from previous work on estimating the power consumption of Android G1 through power model (Shye, Scholbrock, & Memik, 2009) , we set up the device in such a way that we were able to measure the power consumption while the phone was being used.
Feasibility of Reuse for Education
We now explore the resource requirements of different educational applications. We first study the static resource requirements for educational applications, including their functional requirements and storage requirements. We then evaluate their dynamic resource usage such as memory usage, power consumption and network communications. Along with the experimental results, we also analyze the degradation model of different components in mobile devices and determine the feasibility of reusing them for educational purpose.
a) Static Resource Analysis
For an application to execute, the phone should have enough storage space to store the application program along with the data used by the application, and all the device features used by the applications need to be functional.
Function Requirement:
One of the main issues of reusing mobile devices is that phones wear out with long-term use, rendering some components useless. It is critical to investigate the function requirements of educational applications before deciding the feasibility of reusing smartphones for such purpose. Table 3 gives the function requirements for each application. The educational applications we analyze are diverse enough that they cover most of the features in modern mobile devices, including camera, audio recording, GPS, and network connections. By default, screen display and touch-sensitivity are basic functions needed by every application hence not shown in the figure. This figure indicates that most of the applications (10/12) rely on the network connection; while other functions are less widely used by certain categories of applications (e.g., only 3 applications use the camera). More importantly, we observe that most applications only need around 3 in all 10 device features we listed in the figure (at most 4), so that damage to any single component will not affect the use of most other applications. Thus, although mobile devices will wear out during use, they can still be reused in most scenarios as long as the network adapter remains functional along with at least a few other components. The displays of modern smartphones are integral to the operation of the devices, often in ways that previous generations did not require. The authors from Square Trade Research (2009) performed an analysis of the data that they collected through their iPhone warranty/repair service, and they found that over the course of the two year study, 31% of iPhones required repair, with 21% due to accidental damage. Of that 21%, 66% was due to dropping the device, which is a primary cause for screen damage. While this does not give much insight into the reliability of the screens once a school gets a new batch of phones, this statistic is telling as to the possible replacement rates required once they are in students' hands. With about 14% of iPhone users dropping their phones to the point of damage in the first two years, a school can expect to need a sizable stock of back-up phones in order to continue support for students. 2. Storage Requirement: For security reasons, applications running on The Nexus One can only be installed to the 512 MB internal flash memory, of which 190 MB is available for that purpose. Figure 2 shows the storage requirement of different educational applications. The storage usage of each application consists of two parts: the application program and data used by the application. The program storage remains constant after being installed in the phone, whereas the data expands when the application is used. In this figure, we collect the data size after using the application for 10 minutes. From the figure we can see that for each application, the application size dominates the total storage, averaging around 1.2MB, while the data size increases slowly. Assuming a total size of application and data to be 2.6MB, which is the maximum size in the figure, a 190MB flash memory can support installing more than 70 applications.
Flash memories are well suited to mobile devices because they are fast, low power, and can support very high data density resulting in a small footprint on the physical device. However, flash memory has a limited lifespan due to issues with write endurance. Depending on the usage pattern of the primary user, the flash memory of a repurposed phone may be severely limited. The first useful metric for flash memory is block-level write endurance. NAND flash, the most popular form of flash memory, supports single-level cell (SLC) and multilevel cell (MLC) technologies with different wear and capacity characteristics. SLC flash is faster than MLC and wears more slowly, but has an order of magnitude less capacity, which is generally the selling point for MicroSD cards (the form that external flash storage takes for smartphones). Though the numbers are changing, the authors from Western Digital (2009) claim a conservative maximum of 100k -1 million writes for SLC flash, and 10k -100k writes for MLC. In order to calculate the probability of flash needing replacement after a phone's initial usage, it is useful to determine the lifetime of the device as a whole, given wear-leveling and error encoding practices. The authors from Western Digital (2009) provide a formula for roughly estimating the lifetime of high-capacity solid state drives, which can be applied to mobile applications. The lifetime is calculated is shown in Box 1.
Where Endurance Rating is the block level write endurance, Write IOPS is the number of I/O operations per second, Write Amplification represents the number of low level writes per host-level write (due to block-level granularity), and the Duty Cycle is the percentage of time spent performing writes. For mobile applications, many of these numbers are estimated since the values the authors provide are for enterprise usage models. By this formula, a 512MB flash memory will have a useful lifespan of 6.5 years. According to such degrading speed, a reused smartphone with original internal storage of 512MB after 18 months will still have 400MB functional cells. Taking away the storage requirement by the Android OS (512MB -190MB = 322MB), 80MB storage 
b) Dynamic Resource Analysis
Of the different types of runtime resources needed, memory usage, power consumption and network communication are the most important factors. We measure the memory and power usage along with network transmissions of running different educational applications on The Nexus One.
Memory Usage:
As previously mentioned, we sample the memory usage of each application every 5 seconds while students are using the application. Figure 3 shows the minimum memory usage, average memory usage and peak memory usage for each application during 10 minutes of use. The average memory usage of educational applications is around 8KB, and the peak memory requirement can reach 22KB. This memory requirement is extremely small compared to the available memory space provided by the RAM of the Nexus One; the total capacity of the RAM is 512MB, of which around 300MB is used for system and default background applications including mails and browsers. Around 200MB of memory is still available for running user-space applications. 2. Power Consumption: The energy consumption of mobile devices has been heavily studied. We measure the real power consumption of running educational application on The Nexus One. The accumulated current is measured by a DC meter interposed between the battery and the phone, while the voltage is sampled by the logger application through operating system interface. Figure 4 shows the power consumption of all educational applications. We also include the power consumption of the device when it is in stand-by mode. For accuracy, we measure the stand-by power while our logger application is also running in the phone. From the figure we can see that the gap between the power consumption of stand-by and active mode is large: 72mW versus 910mW as an average when running educational applications. The major difference comes from the power consumption by the touchscreen. The application Celeste consumes the most energy (1861mW) due to its tight dependency on the camera components, an important fact that was not captured by the previous work on the power breakdown for smartphones (Shye, Scholbrock, & Memik, 2009 ).
Figure 2. Storage requirement of educational applications: Data Storage is collected after 10 minutes running, Program Storage forms the major part of the total storage
In order to repurpose a smartphone after recycling, it is important to know whether the existing battery can continue supporting the components used by educational applications or if a battery replacement is required. Figure 5 shows the relationship between the capacity of the battery and the number of charging cycles for a 1400-mAh mobile battery, modeled according to the results in Choi and Lim (2002) . The useful life ends at 800 charging cycles because the capacity of a typical battery degrades linearly only above 80% of the maximum capacity, although it has been pointed out that the battery can still work stably until the capacity drops down to 60% of the original capacity. Based on the figure, we model the battery capacity C to be a function of the number of charging cycles N:
Where C max is 1400 in our case. A new battery with 1400mAH capacity contains 5880mWH of energy and is able to last for 32 hours without recharging in a typical usage model (Sharkey, 2009) . Hence a battery with capacity C can support running the phone for T days where T can be calculated according to the following formula: T = (C × 32) / (1400 × 24) After 433 charging cycles, a capacity of 1248-mAh is still left for the battery (allowing another 367 charging cycles). For education purpose, a smartphone is assumed to be used for 2.5 hours per day running educational applications. Based on such usage model, the total time that the battery can be further used is calculated as following: T = Sum ((1248 -0.35N) × 4.2) / (910 × 2.5) = 837 days = 2.3 years Hence in general situations a battery could be reused for another 2.3 years after 18 months of regular use. As shown in Figure 6 , the capacity decrease slows down after 18 months due to the lower energy needs in the reuse application (education). For a 5-year reusing plan, the battery will need to be replaced once, and the new battery can continue working after reusing. One important fact that enables smartphones reusing is that, accessing the internet using Wi-Fi connections instead of the phone network substantially saves the energy, as will be analysis in next section.
Network Communications:
As shown in previous sections, most of the educational applications depend on network connections for retrieving and sharing data, so a network infrastructure which is able to provide expected bandwidth is critical to the feasibility of reusing mobile devices. We measure the network communication statistics of educational applications through Android OS interface. Figure 7 shows the average and peak network communication speed of different educational applications during 10 minutes period of running (note that the demand for network of some applications is so small that it is not even visible in the figure) . The figure shows that the average network requirement is 655bytes/second in average, and the peak network bandwidth requirement can be as high as 160KB per second. Assuming a big classroom with 100 students, a maximum of 16MB/s bandwidth network is needed. Using Wi-Fi connections for network access instead of the phone network saves energy and hence extends the Figure 6 , averagely 5.9MB of data will be transmitted every day. Hence by switching the internet access from the phone network to the Wi-Fi network during using those applications, 12MJ of energy can be saved every day. 4. When smartphones are reused for educational purpose, no cellphone services should be provided, due to the high cost of cellphone contracts, prohibitions of cellphone use in schools, and the nonnecessity of giving cellphone service to students for education purpose. Hence WiFi network or other approaches such as bluetooth will be used for establishing a communication network in the classroom. By switching from cellphone network to WiFi, we observe that substantial energy can be saved; hence the battery lifetime can also be extended.
According to the power breakdown for typical mobile devices derived by [10] , WiFi consumes 0.518 mW/byte compared with 3.47 mW/byte for the phone network. As shown in Figure 7 , the power consumed by network communications for each application can reduce by 90% through using WiFi connections in average. Based on our previous study, an average of 5.9MB of data will be transmitted every day. Hence by switching the internet access from the phone network to the WiFi network during using those applications, 12MJ of energy can be saved every day.
SMARTPHONE EVOLUTION
One of the challenges of reusing smartphones is the high heterogeneity from different brands of devices and even different generations of the same brand. In this section we model the evolution of different smartphones from different brands and generations and seek to obtain useful insights to help software designers design applications which are able to run on reused smartphones. The heterogeneity of smartphones can be mainly divided into two parts: hardware heterogeneity and software (operating system) heterogeneity. 
Hardware Heterogeneity
A typical smartphone usually consists of an embedded processor, random access memory, flash storage, camera, touch-screen, sensors such as GPS and compass, and WiFi/Bluetooth connectivity. We study how different smartphone brands and generations evolve on those different device features. Specifically, we choose devices from HTC and Apple as our target since they are two of the most popular smartphone brands been used. Table 4 lists all the different generations of smartphones we are analyzing.
• Processor: We first look at the computation ability of the processor in different smartphone generations. Figure 8 shows the processor frequency of different generations from HTC and Apple. As can be seen from the figure, smartphones from the two brands share similar trends: during the first one or two years the processor frequency remains the same due to technical immaturity, while after that it starts to increase according to the Moore's Law. Hence the first observation we make is that we can predict the future processor frequency for smartphones based on Moore's Law, until it reaches the power wall. The power wall for smartphones has not been heavily studied yet and will depend on the technology of portable batteries. Our second observation is that although the two different brands start with different frequencies, they have merged to the same level in 2010. To maintain enough compatibility, we can predict that in the future smartphones from different brands should have equivalent or comparable processor computation ability, except that the power consumption reaches a certain level such that people have to make trade-off between the computation ability and the battery lifetime.
• Memory: Both of the devices from Apple and HTC have the RAM for running applications. Figure 9 gives the RAM capacity for different generations of smartphones from HTC and Apple. The observation here is similar as the processor evolution: the capacity of RAM increases based on the Moore's Law and the capacities of the current up-to-date device versions from HTC and Apple are the same.
• Storage: For any type of smartphone, a big (several GB right now) flash storage will be equipped to store user space files such as pictures, music, videos and other personal files. The capacity of such storage for devices from both HTC and Apple turns out to be changing in the same way. For earlier versions of the devices, the flash storage capacity is 16GB, and for newer versions it is 32GB. The speed of evolution is doubling every two year, fit to Moore's Law again. For devices from HTC, they have special flash ROM which is used for storing user-space applications for security reasons. The capacity of such storage evolves in the similar speed as the RAM.
• Connectivity: All smartphones support the same types of connectivity features: cellphone network, WiFi network and Bluetooth although the protocol versions differ trivially. The network bandwidth usually depends on the environment instead of the devices. • Battery Capacity: Figure 10 gives the battery capacity of different generations of smartphones from HTC and Apple. Although there is no well defined method for predicting the evolution of battery capacity, it happens to share the similar trend as in silicon technology. • User Interface: Different from conventional cellphones which are mostly operated by keyboards or at most special pens, smartphones all have touch-screens as the user interface. Furthermore, except the original iPhone, all smartphones from both HTC and Apple support multi-touch. Hence there should be no obvious heterogeneity in the user interface in terms of hardware, although there can be operating system heterogeneity that provides different features using the user interface. The screen of the device, however, only remains the same size for all generations of iPhones, and differs for most of the generations for HTC (from 3.2inch to 4.3 inch).
• Other Features and Sensors: Several others features and sensors are all included in some of the devices: all the generations of smartphones have GPS sensor except the devices prior to 2008; all the generations have at least one built-in camera for taking pictures, and all current versions can record videos too. The newest version from Apple, the iPhone 4G has two cameras such that one can video chat using the phone; all the generations have a built-in compass sensor except the iPhone Original and iPhone 3G.
System Heterogeneity
The heterogeneity of devices includes both the device variation and also the system difference. The major focus of changes made in operating systems on mobile phones at present and in the past seems to be the improvement and addition of features to an existing feature set. This focus does not always keep performance a priority. In the case of Google's Android, performance typically improves or stays the same with an expanded set of features. For them, it is important to do so because many Android phones that are currently in circulation receive update to the operating system (obviously, without a hardware update to go with it) when it becomes available, and consumers expect to maintain their phone's current level of performance, at the very least. A performance boost is generally seen from an upgrade of Android 1.5 to 2.1, but it is often the case that there is a performance hit from Android 2.0.1 to 2.1. In the case of Apple's iPhone, major OS updates are clearly designed for a new model of the phone. For example, when comparing iOS 3 and iOS 4 on the iPhone 3G, the iOS 4 typically does not perform as well. The reason why there was a significant hardware update in the iPhone 4G was to make up for the slowdown caused by the new multitasking feature in iOS 4. Since there is no other company besides Apple that manufactures models of iPhones, Apple does not have to cater the design of their OS to update and maintain the performance of other models of iPhones currently in circulation. It can simply be assumed that people will upgrade to the new phone. As is normally the case when competing brands focus on expanding the features of their products, the popular features added to the OS of one company will inevitably appear in some form in the OS of its competitors. Android phones running Android 2.1+ and the iPhone 4G currently share many of the same features (though implemented differently). However, in past versions there were significant differences in what features were available on each of these platforms. Android phones have supported third party applications from the beginning, but Apple has only been supporting them since the iPhone 3G. Also, the iPhone only recently obtained a multitasking feature, while Android has had one for quite some time. As for interoperability, Android apparently is quite good at working with other devices/services since version 2.0. The iPhone does not work quite so readily with many devices. The services it does work well with are those services that Apple has deemed beneficial for their business.
Not like the devices, the OS variation for different brands and generations is more than random and hard to predict. Despite the phones these OS versions were tested on had different CPU frequencies (the differences were not that large), one can see a clear difference in performance of the OS from one major release to the next. In this case, a major release would be going from a 1.x to a 2.x instead of going from a 1.x to 1.y.
Smartphone Application Design
To enable running applications in smartphones with high heterogeneity, the knowledge of smartphone evolution can be used to aid designing mobile software. In this section we propose several insights to designing mobile software for sustainable computing.
As mentioned in the previous section, the heterogeneity of smartpones includes both the device heterogeneity and system heterogeneity. The device heterogeneity comes from three different types of causes.
• Brand Heterogeneity: As we analyzed in the previous section, the device variation among different brands only exits in earlier years when all the companies are starting up developing their new devices. After the technology for smartphones get more mature, such variation has shown to be largely reduced and become trivial. Some brands might introduce some new features faster than others, but all devices will have the same feature in the next generation. For some of the technologies such as display technology and touch sensitivity, some device can be more advanced than others. However such types of heterogeneity will not affect how users use the device in general. In conclusion, the heterogeneity generated by different brands is not the main issue of designing smartphones for sustainability, and the heterogeneity generated when some devices advance faster than others can be treated the same as generation heterogeneity.
• Generation Heterogeneity: As shown in the previous section, the heterogeneity across different generations can be substantial. First of all, the computation capability and the resource capacity are both determined by the fabrication technology, hence the evolution of most of the device parameters can be predicted by the Moore's Law. For other components in smartphones such as batteries that cannot base on silicon technology, also have their own methodologies for projection and prediction. The only thing that is nonpredictable is the features and sensors added to smartphones. Most of the smartphones are provided with cameras, GPS and compass from the earliest generations, while it is uncertain that whether and what new features and sensors will be added in the future. Even if we know that some specific sensor is going to be added, there is no way to predict how such sensor will interface with devices and applications.
• Wear-out Heterogeneity: Smartphones can degrade quickly and the processing capability might decrease substantially. Some of the features or sensors might even stop working while being reused. For reusing smartphones in education, one of the distinguished characteristics of the classroom is that a group of devices will be used at the same time and they essentially form a distributed network infrastructure. To enable running applications on old devices, one interesting solution is to offload computations or sensing needs to neighbor devices though WiFi or Bluetooth. It is also worth noting that even the WiFi capability which is required by most of the applications can also be offloaded to other devices through Bluetooth. In such a way, reused smartphones could support a much wider range of applications by collaborating with each other. Our future work seeks to provide a mobile application design framework that supports such distributed collaboration.
On the other hand, system heterogeneity is generally random and cannot be taken any advantage of. Fortunately, approaches already exist to support running applications on different platforms by using virtual machines. Applications can automatically take advantage of the system improvement without any modification on applications but only the virtual machines need to be updated.
CONCLUSION AND DISCUSSION
Our society faces a severe environmental challenge posed by the rapid advance of Moore's Law technology scaling and the equally rapid proliferation of computing devices in the world. Our solution to this problem is to reuse obsolete devices for new applications that can be satisfied with older, less reliable technology. Repurposing smartphones for educational purpose has been a promising idea and shown success in recent years.
As a pioneering study, we analyze the feasibility of reusing smartphones for elementary school education. Based on our experiments on The HTC Nexus One platform, we show that although different components in smartphones degrade from use, their functionalities, available resources and power supplies are still able to satisfy the requirement of educational applications.
The key challenge in this approach, however, is the design of software that can adapt to extreme heterogeneity of devices. We explore different types of heterogeneities among smartphones from different brands and different generations. We observe that brand heterogeneity is negligible and will become even smaller in the future. Generation heterogeneity mostly exists in the scale of resources and can be generally predictable. System heterogeneity can be tackled by using virtualization techniques.
In addition to the heterogeneity generated by vendors, software developers need to consider the following design characteristics to effectively use recycled devices.
• Significantly degraded reliability. Compared to new devices, recycled ones are much less reliable due to wear out. For example, flash memories or SSD disks in such devices would have much higher error rates due to aging factors. So appropriate mechanisms need to be put in place to deal with such reliability issues.
• Partially configured devices. Some devices may not have all the necessary configurations to run every application, so it may require an automatic matching and adaptation between application functionality and a device's capabilities.
• Different processing power and timing guarantees. As some devices may have significantly slower processing power and memory/IO access latencies, this can impact some applications, especially distributed applications (e.g., those used in a classroom), that are sensitive to timings.
To address the challenges, we propose and discuss several possible solutions.
• Common virtual platforms to support portability across heterogeneous devices. decide which computation to migrate and its destination, the run-time system needs to consider components' SLRs and each device's configuration, capable "services" and current loads.
• Error detection and recovery in the core design of run-time systems and applications. To handle significantly degraded reliability in many old devices, intensive error detection and recovery mechanisms need to be built into the run-time systems or applications. For example, some invariantbased error detection can be enabled for early error detection. Similarly, redundancy (running a shadow copy in another device) could also be used to detect and recover from errors. In most usage scenarios, applications need to be designed in a way with full expectation for errors and need to provide mechanisms to tolerate or recover in case of errors. In other words, reliability should be a major part of the core design instead of an after-thought like how existing applications/systems are designed today.
Our future work seeks to propose more concrete design details and implementations.
